Introduction
Beside the common logistic usages of the Radio Frequency Identification (RFID) technology, one of the most innovative and promising applications is the possibility to process the backscattering signals to detect additional information about the target, such as its state and its evolution, without any specific embedded sensor or local power supply. The rationale of this idea lies in the clear dependence of the tag's input impedance and reflectivity on the physical and geometrical features of a real target. When the object where the tag is attached on undergoes some changes along with the time, the tag's electrical features also change and these variations can be remotely detected by the reader [1] . The possibility to remotely monitor processes in evolution opens interesting applications in telemedicine and human health monitoring in general, especially concerning implantable devices. One or more battery-less RFID radio-sensors could be implanted inside the human body in close proximity for example to an area surgery treated or perfectly integrated with other implanted devices and interrogated by an external reader. Based on the sensors response at different times (days or even hours) a map of the geometrical or chemical changes of the tissues could be produced, thus evaluating the healing process and possible complications, e.g. abnormal cell proliferations, edema and inflammatory events (Fig.1) .
A possible application of the proposed sensing platform is the monitoring of in-stent restenosis, a repeated narrowing of the vessel caused by an abnormal accumulation of tissue inside the lumen of the implanted device and able to sensibly decrease its flow. Restenosis results from hyperproliferation of neointimal cells (especially early after the surgical treatment) or from the formation of new atherosclerotic plaques (in the long period) [2] . Starting from the physical evidence for which the stenotic plaque is characterized by different dielectric and structural properties from normal blood, the aim of this study is to investigate the feasibility of the system(especially in term of sensing capabilities, backscattering contrast and communication link), with particular attention to the carotid in-stent restenosis. A numerical analysis is here presented, followed by an early experimental validation on neck phantom. 
RFID-Sensing Equations
We generally denote with Ψ a physical or geometrical parameter of the target which has to be monitored by the RFID platform. For the specific application Ψ will be a shape factor of the restenosis. The two-way reader-tag link may be hence rewritten by put into evidence the dependence on object's physics. The power collected at the microchip (1) and the power backscattered by the tag toward the reader (2) and collected by this are:
where d is the reader-tag distance, G R (θ, φ) is the gain of the reader antenna, G T (θ, φ, Ψ(t)) is the gain of the tag's antenna when placed on the target. P in is the power entering in the reader antenna, η p is the polarization mismatch between the reader and the tag, τ (Ψ(t)) is the power transmission coefficient of the tag. σ T is the tag's radar cross-section, related to the modulation impedance Z mod of the microchip to encode the low and high digital state:
The backscattered power P R←T , directly measurable by the reader, is therefore strictly connected to the physical variation of the tagged object through the change of impedance and gain of the tag. In particular, when the reader-tag mutual position remains the same in successive interrogations, it is possible to simply derive a calibration curve p s ↔ Ψ(t), independent on the reader-tag distance and reader's gain, by referring the backscatered power to a particular state Ψ 0 of the object:
Alternative processing algorithms for random readed-tag mutual position will be shown at the Symposium.
Preliminary Results
The electromagnetic characteristics of the implanted antenna are numerically analyzed using the Finite Difference Time Domain (FDTD) method. The neck and the internal carotid have been modeled as electromagnetic equivalent homogeneous solids, whose sizes reproduce with good approximation the real human structures (Fig.2) . Each structure of the model is characterized by its specific dielectric properties.
The restenosis evolution is modeled by gradually varying the dielectric properties of the tissue inside the vessel, moving from a physiological condition in which there is only blood to more severe pathological forms, in which muscular or fatty tissue totally occlude the lumen.
Particular attention has been devoted to the definition of an appropriate tag layout. Since the main goal of the study is to integrate the RFID tag with a typical stent structure, the analysis has been focused on the definition of a stent-like antenna (Fig.1) . For this first feasibility study a dipole-like helical antenna has been adopted, similar to stents for what concerns length and diameter. The helix is placed around the inner wall of the vessel. The external reader is modeled as a dipole antenna, placed on the neck by an optional dielectric insulator.
Fixing the reader-tag mutual position in the direction of maximum gain (along the z-axis in Fig.2 ), the backscattered power ratio p S is visible for both atherosclerotic and neointimal stenosis in Fig. 3 . Two helical configurations are here considered, a small one with a single turn (N=1) and a long one with N=4. For both processes the curves are nearly monotone with the stenosis evolution, where 1 on the abscissa means that the lumen is completely occluded. It is clearly visible that the N=4 helix is more sensitive to the atherosclerotic stenosis (a variation of about 90%), while the short one could offer better performance with the neointimal event (althoug with a not perfect monotonic trend). The different tissue growths are in addiction easly distinguishable, making the proposed system a good support in differential diagnosis.
Considering an EIRP = 3.2W transmitted by the reader, a distance d = 2cm and a perfectly matched tag, at 870M Hz the received power by the internal helix approximately ranges between 167mW to 42mW . The communication link can be therefore achievable since the power absorbed by the implanted tag exceeds the actual commercial tag's microchip sensitivity threshold p T (currently of the order of some µW ). The simulation results indicate that the sensitivity of the external reader should be less than -50dB to detect the sensing signal, which is well comparable to the typical sensitivity (∼ −100dBm) of commercial equipment.
A very preliminary experimental validation is visible in Fig.4 , where the communication futures of the implanted helix and the external reader have been evaluated with a chipless analysis. In the same figure is visible also the fabricated Perspex phantom simulating the neck. The human tissues have been modeled by means of electromagnetic-equivalent liquids [3] . The S21-parameter between the inner and the outer antenna has been measured varying the composition of the liquid inside the vessel, according to the previously described evolution. Both helix have been tested: the N=1 antenna has been used to monitor the neointimal process, while the N=4 for the atherosclerotic evolution. Like the simulation results, the transmission coefficient S21 changes as the liquid composition changes, with a monotone 3dB dynamics. Although this experimental setup is far from a realistic RFID backscattering analysis, it is a first check of the sensing approach and corroborates the reasonableness of the proposed platform. A more realistic experimental validation including RFID microchips is currently in progress.
